Abstract. The nuclear polarization of H2 molecules formed by recombination of nuclear polarized H atoms on the surface of a storage cell initially coated with a silicon-based polymer has been measured by using the longitudinal double-spin asymmetry in deep-inelastic positron-proton scattering. The molecules are found to have a substantial nuclear polarization, which is evidence that initially polarized atoms retain their nuclear polarization when absorbed on this type of surface.
Introduction
During recent years, increased use has been made of nuclearpolarized hydrogen and deuterium gas targets, which are placed in the circulating beams of storage rings. In order to increase their thickness over that obtained by a jet of polarized atoms, the beam from atomic sources is di-
rected into an open-ended, cooled tube (storage cell) in which the atoms make several hundred wall collisions before escaping. In order to maintain high polarization of the atomic gas, the storage cells are usually coated with e.g. chemically nonreactive polymers [1, 2, 3] . Examples of the successful use of this technique are measurements of spin correlation parameters in proton-proton scattering at the Indiana University Cyclotron Facility (IUCF) [5] , studies of nucleon electromagnetic form factors at the storage rings VEPP-3 in Novosibirsk [6] and AmPS at NIKHEF in Amsterdam [7] , and deep inelastic scattering of positrons off polarized H nuclei at the HERMES experiment situated in the HERA storage ring at DESY in Hamburg [8, 9] .
A precise knowledge of the nuclear polarization of the target is required to extract interesting physics quantities from measured polarization asymmetries [5, 6, 7, 9] . At the present time, there are no convenient known scattering processes for the high-energy positrons beams available at HERA, that could provide a measure of the absolute value of the target polarization with acceptable statistics. For the HERMES experiment, therefore, a target polarimeter with good absolute precision has been constructed [10] .
However, while the polarization of a sample of atoms from the cell is measured directly, the nuclear polarization of H 2 molecules which originate from recombination of hydrogen atoms in the target cell is unknown. The nuclear polarization of recombined H 2 molecules was recently measured in a separate experiment at IUCF [11] . The nuclear polarization of the molecules obtained by recombination of polarized atoms on a copper surface was measured by elastic proton-proton scattering. The other existing measurement of polarization of recombined atoms concerns tensor polarized D atoms recombining on a copper surface at AmPS [12] . The absence of any measurement of the nuclear polarization of molecules recombined on a surface involving a silicon-based polymer motivated the measurement described in the present paper. The measurement was performed by comparing the double-spin asymmetries observed in deep inelastic scattering of polarized positrons from gaseous polarized hydrogen target, while the fraction of molecules was varied. The experiment was carried out using the internal target and spectrometer of the HERMES experiment at HERA. The observation of a significant nuclear polarization in the recombined molecules could be interpreted as evidence for the existence of long-lived nuclear polarization of atoms chemisorbed onto an insulating surface. A magnetic field of 330 mT surrounding the cell provides a quantization axis for the spins and inhibits nuclear spin relaxation by effectively decoupling nucleon and electron spins. The atoms diffusing from a second side tube of the cell are analyzed by a Breit-Rabi polarimeter (BRP) [10] which measures the polarization of the atoms and by a target gas analyzer (TGA) [15] which determines the atomic fraction.
Cell surface
The storage cell is constructed from 99.5% pure aluminum, 75 µm thick, it has an elliptical cross section with 29 mm × 9.8 mm axes and a length of 400 mm. The maximum density in the cell is about 4 × 10 12 atoms/cm 3 . The cell surface was initially coated with Drifilm, a silicon-based polymer which is radiation hard, as required in an accelerator environment [4] . The coating procedure is described in detail in Ref. [3] ; the bake-out step of the procedure was carried out when the cell had been exposed to radiation for 4 months, and spanned a period of 3 weeks.
Target polarization
The molecules inside the HERMES target have three origins: residual gas in the scattering chamber containing the storage cell, molecules ballistically injected by the ABS and atoms that recombine after entering the cell. The hydrogen molecules present in the residual gas of the chamber originate from atoms recombining the surface of the target chamber itself, where they rapidly lose their polarization. The ballistically injected molecules were never dissociated in the beam source and therefore never polarized. For these reasons the nucleons belonging to residual gas and ballistically injected molecules are assumed to be not polarized, while the recombined molecules may have a remnant nuclear polarization.
Each contribution is directly measured with specific calibrations using the TGA as described in Ref. [15] . The atomic fraction α is defined as:
where n a and n m are the atomic and molecular populations averaged over the cell. In order to distinguish unpolarized and potentially polarized molecules, the atomic fraction α is separated into two factors: α 0 and α r ; α 0 defines the atomic fraction in absence of recombination, while α r defines the fraction of atoms surviving recombination in the storage cell.
The measured target polarization P T as seen by the positron beam is described by the following expression:
Here P a is the nuclear polarization of the atoms in the cell.
The parameter β = P m /P a represents the relative nuclear polarization of the recombined molecules with respect to the atomic polarization before recombination (0 ≤ β ≤ 1), and it is the subject of the measurement presented in this paper.
As the particles sampled from the center of the cell have experienced a different average number of wall collisions than the ones at the ends of the cell, the properties of the measured sample are slightly different from the average values in the cell. In order to relate the average values over the cell to the corresponding measurements on the sample beam, sampling corrections have to be introduced.
The sampling corrections depend on the sensitivity of the BRP and the TGA to the various parts of the cell and are derived from Monte-Carlo simulations of the molecular flow of gas particles traveling through the storage cell as described in Ref. [16] . The corrections and their uncertainties take extreme assumptions of cell surface quality into account and constitute the dominant contribution to the systematic error in the target polarization.
3 Measurement
The HERMES Spectrometer
The HERMES experiment is installed in the HERA stor- of electromagnetic calorimeters [20] . The HERMES spectrometer is described in detail in Ref. [9] .
Method
The method adopted to extract the relative molecular polarization β makes use of the double spin asymmetries observed in deep-inelastic scattering of longitudinally polarized positrons off a longitudinally polarized proton target.
The cross sections σ + and σ − for parallel and antiparallel relative orientations of beam and target polarizations, are related to the unpolarized cross section σ 0 by:
where P B and P T are the beam and target polarizations and A || is the experimental double spin cross section asymmetry. The actually measured count rate asymmetry C || , however, is smaller. It is given by:
where (N/L) +,− denotes the number of events with parallel (anti-parallel) beam and target spins orientations corrected for the background, normalized to the corresponding luminosity.
Two measurements have been performed to determine the polarization of the molecules; one with an almost purely atomic target of known polarization and a second with an enhanced molecular fraction (or smaller value of α r ).
The increase in the amount of recombined molecules was achieved by increasing the temperature of the target cell from 100 K (normal running conditions) to 260 K. Over this temperature range the main mechanism thought to be responsible for recombination in the target cell is the Eley-Rideal mechanism [21] in which an atom in the gas phase hits a chemically bound atom on the surface with enough kinetic energy to overcome the activation barrier.
The increase in the target temperature results in an increase of the kinetic energy of the atoms in the volume and in a higher recombination probability. No recombination happens on physically adsorbed atoms, as their coverage is negligible at 260 K. Detailed studies on various aspects of the recombination process occurring at the HERMES cell surface are reported in Ref. [22] .
The target parameters for the two different temperatures are given in Table 1 : a large increase in the fraction (1 − α r ) of recombined atoms from 0.055 at 100 K to 0.74 at 260 K is observed. As the double spin asymmetry A || does not depend on target or beam polarization, we can write:
The target polarizations are given by (see Eq. 2):
The values for α
are reported in Table 1 .
Extraction of the parameter β
In order to extract information on β, a minimization procedure has been used. Equation 5 has two unknowns: β and β 260K , which are independent since the surface conditions at 100 K and 260 K are assumed to be different.
100K
The value β 260K has been determined by varying its value until the function χ 2 (β 260K ) described by:
was minimized. The minimization has been studied as a function of the parameter β 100K . In Eq. 8 C ||i is the count rate asymmetry in the i th -bin of the kinematic plane and δ C||i is its associated statistical uncertainty. (The statistical uncertainties of P T and P B are negligible here). The summation is made over all the kinematic bins of the asymmetry measurement. The binning of the kinematic plane is the same as the one adopted in the extraction of the g p 1 spin-dependent structure function of the proton from the A || asymmetry, as described in [23] . It was verified, by solving Eq. 5 for all bins separately, that β does not depend on the bin number and therefore Eq. 8 gives the best possible result.
As at 100 K only a few percent of the gas is in molecular form (1 − α r = 0.055, as can be seen from Table 1 ), the final result is insensitive to the value assumed for β 100K .
Using the conservative assumption 0 ≤ β 100K ≤ 1, the following value has been obtained for β 260K :
The uncertainty of the measurement is dominated by the low statistics of the data taken at 260 K (0.19 million events) compared to the 100 K data sample (2. to the range reported in Table 1 . Some systematic uncertainties, such as those in α 0 and P B , are common to both the 100 K and the 260 K measurements and cancel in the ratio in Eq. 8.
In Figure 2 
The loss of polarization of the molecule after recombination has been described in Ref. [11] . In free flight, the internal molecular fields B c from the spin-rotation interaction and the direct dipole-dipole interaction cause the nuclei to rapidly precess around a direction which is skew 
where B c for H 2 is 6.1 mT [11] . For the HERMES cell, we have the value B ≈ 330 mT. Moreover, it has been estimated [16] that the number of wall collisions is of the order of 300. Hence, using Eq. 11, it follows that P m ≈ give an estimate for the polarization of the atoms on the surface making use of Eq. 10:
The total uncertainty results from adding the statistical and systematic uncertainties in quadrature. This nonzero result provides evidence that chemically bound surface atoms appear to retain some nuclear polarization.
Relaxation and Dwell Times
The present result differs from that of the experiment described in Ref. [11] , where the measured value of β lower than 0.5 is compatible with a zero residual polarization of the atoms on a copper surface. As both measurements are sensitive to the nuclear polarization of the molecular gas coming from the recombination process and one atom of each recombined molecule comes from the surface, they actually compare the nuclear spin relaxation time τ r of atoms on the surface with the dwell time τ d that the atoms reside on the surface. These times are related by the equation 1 :
By using the result of Ref. [11] and those presented in the previous section, it is concluded that τ r ≈ τ d for the HERMES cell surface and τ r ≪ τ d for the copper surface, suggesting that, as expected, on a bare metal surface the relaxation processes are much stronger than on an inert surface like silane.
An upper limit for the dwell time τ d can be derived by considering a uniform surface where all sites are recombining and by using the inequality:
1 The expression has been determined by assuming the atomic polarization of the surface atoms to decay exponentially with a characteristic time τr and integrating over an exponential distribution for the dwell times with characteristic
where N s is the total number of catalytic sites on the cell surface S and N inj is the number of injected atoms per second. By assuming an area per surface site of 4Å 2 , taking S ≈ 0.026 m 2 [14] , N inj ≈ 6.5 × 10 16 atoms/s [13] and α r ≈ 0.26 (Tab. 1) one obtains τ d 14 s and a similar limit for the relaxation time τ r .
Conclusions
In summary, the longitudinal double spin asymmetry in deep-inelastic positron-proton scattering has been used to measure for the first time the nuclear polarization of the molecules produced by recombination of hydrogen atoms on a storage cell initially prepared with Drifilm coating.
The measurement shows that the molecules emerging from recombination on this surface retain a large degree of polarization. In absence of a polarizing mechanism after leaving the wall, significant polarization can be inferred for the atoms on the wall. The application of a simple model allowed to derive an estimate for the depolarization time of the atoms on the surface.
The present finding of a non-negligible nuclear polarization retained by the atoms on a surface prepared with Drifilm is encouraging in view of hopes for the developing of a nuclear polarized gaseous molecular target. 
